In this study, the effects of T5 treatment on the microstructure and mechanical properties of Mg-8Al-2Li specimens are investigated. The experimental results show the T5-treated Mg-8Al-2Li specimens will produce the -Mg 17 Al 12 and/or AlLi precipitates depending on the aging temperatures. The T5-treated Mg-8Al-2Li specimens will display an obvious precipitation strengthening, regardless of whether the precipitates are single -Mg 17 Al 12 phase or dual phases of AlLi and Mg 17 Al 12 . Their maximum tensile strengths can reach 355-375 MPa, which are 12-18% increment compared with that of the as-extruded specimen. Meanwhile, the T5-treated Mg-8Al-2Li specimens can still show good ductility with $9% elongation for specimens with their maximum strengths.
Introduction
Magnesium alloys are considered important materials for numerous applications, especially in transportation vehicles and lightweight sectors for 3C (computer, communication and consumer electronic) products. They have excellent properties of high specific strength, high damping capacity, high recycle ability and low weight density. [1] [2] [3] The Mg-8Al (AZ80) alloy is a well-known commercial Mg alloy. [4] [5] [6] [7] [8] Its microstructure and mechanical properties, [9] [10] [11] [12] creep behavior, 13) and corrosion 14, 15) have been extensively studied. These studies concluded that the Mg-8Al alloy could exhibit excellent mechanical properties and corrosion resistance. However, the Mg-8Al alloy is found to have some drawbacks, such as poor ductility, low thermal and electrical conductivity. A previous paper 16) reported that the addition of 2 mass% Li could effectively improve on the ductility of Mg8Al alloy. This Mg-8Al-2Li alloy has a low weight density of 1:71 Â 10 3 kg/m 3 . The HCP structure of Mg-8Al-2Li alloy has a low c/a ratio and hence it exhibits excellent formability. Although the Mg-8Al-2Li alloy has a slightly lower tensile strength, it has a higher fracture strain and a higher impact value than Mg-8Al alloy. To increase the tensile strength, the Mg-8Al-2Li specimens are subjected to a T5 treatment in the present study. Namely, the specimens are subjected to a combined process of extrusion and artificial aging. Thereafter, their microstructure and mechanical properties are systematically analyzed and discussed.
Experimental Procedure
The Mg-8Al-2Li alloy was prepared in a high frequency induction furnace. The as-cast Mg-8Al-2Li alloy was analyzed using an ICP-AES apparatus, and its chemical compositions are shown in Table 1 . The cast rod with a diameter of 200 mm was extruded to plates with 10 mm thickness at 593 K. Specimens for T5 treatment were carefully cut from these as-extruded plates. Some specimens were then aged at 443 K for 0$259:2 ks and the others were aged at 523 K for 0$18 ks in an argon atmosphere. The specimens subjected to a combined process of extrusion and artificial aging at 443 K and 523 K are indicated as T5-443 K and T5-523 K, respectively.
The XRD analysis was carried out at room temperature with Cu K radiation, 40 kV tube voltage and 30 mA current. Scanning electron microscope (SEM) was employed for microstructure observation. The compositions of aging precipitates were examined using a JEOL JXA 8600SX electron probe microanalyzer (EPMA) equipped with wavelength dispersive spectroscopy (WDS). TEM observation was conducted with a Philips Tecnai-F20 G2 electron microscope operating at 200 kV. The specimen hardness was measured by a microvickers tester with a test loading of 50 g. For each specimen, the average hardness value was calculated from at least five test readings. The mechanical properties involving the tensile strength and elongation were examined using a tensile tester.
Results and Discussion
show the XRD patterns of asextruded, T5-523 K and T5-443 K Mg-8Al-2Li specimens, respectively. The diffraction spectra in Fig. 1(a) show the asextruded specimen comprises both -Mg and -Mg 17 Al 12 phases, although the peak height of phase is much lower than that of the phase. Figure 1(b) -(c) have the diffraction spectra which are similar to those shown in Fig. 1(a) . Namely, the phase appears as well as the main phase for the as-extruded and T5-523 K specimens. Carefully examining the diffraction spectra in Fig. 1(b) -(c), the T5-523 K-10.8 ks specimen has a higher peak height of phase than the T5-523 K-3.6 ks specimen. This indicates the extruded Mg8Al-2Li specimens will produce the -Mg 17 Al 12 precipitate after aging at 523 K. In Fig. 1(d) -(e) for the T5-443 K specimens, the diffraction spectra show the , and AlLi phases appear simultaneously. This result demonstrates the extruded Mg-8Al-2Li specimen will produce both the AlLi and -Mg 17 Al 12 precipitates after aging at 443 K. Figure 2 (a)-(f) show the SEM microstructures of various as-treated Mg-8Al-2Li specimens. Figure 2 (a) shows a typical as-cast microstructure of the Mg-8Al-2Li alloy. During the solidification process, the primary crystal first solidifies and makes more Al atoms segregate around the boundaries of the crystal. Then, the formation of eutectic structure of and occurs around these boundaries of the crystal. In Fig. 2(b) , the as-extruded Mg-8Al-2Li specimen clearly shows a smaller grain size of the crystal than the as-cast one due to the dynamic recrystallization occurring during extrusion at 593 K. Besides the fine grains, Fig. 2(b) shows the rod-type phase within the eutectic structure has been destroyed and changed to the particle type following extrusion. Figure 2 (c) and (d) show the SEM observation of T5-523 K-3.6 ks and T5-523 K-10.5 ks Mg-8Al-2Li specimens, respectively. As shown in Fig. 2 17) He found the discontinuous lamellar precipitates primarily nucleate and grow around grain boundaries at a lower aging temperature of 423 K, in which the grain boundaries were dominant diffusion paths. At a higher aging temperature of 543 K, continuous precipitates (particle type) nucleate and grow inside the crystal. This indicates the continuous particle-type precipitation tends to be favored at a higher aging temperature, in which volume diffusion plays a more important role. Meanwhile, Braszczyńska-Malik also found that the quench-in vacancies within the crystal could enhance the volume diffusion and act as heterogeneous nucleation sites. These vacancy defects within the crystal will promote the formation of continuous particle-type precipitates. In the present study, the precipitation of T5-treated Mg-8Al-2Li specimens shows a behavior similar to that demonstrated above. Namely, the T5-443 K Mg-8Al-2Li specimens have the discontinuous lamellar precipitation, but the T5-523 K specimens mainly display the continuous particle-type precipitation. Note, however, a main difference between the T5-treated Mg-8Al-2Li and T6-treated Mg-9Al-1Zn and Mg-9Al alloys is the structural defects within the crystal. As shown in Fig. 3 , a high density of dislocations can be observed within the crystal for the as-extruded Mg-8Al-2Li specimen. These dislocations can have effects similar to those of quench-in vacancies for T6-treated alloys. They can enhance the solute's diffusion rate and act as heterogeneous nucleation sites for the precipitation of continuous particle-type phase at a higher aging temperature, such as 523 K in this study.
In Fig. 1(d) -(e) for the T5-443 K specimens, besides theMg 17 Al 12 precipitates, the diffraction spectra also show the existence of AlLi precipitates. However, these AlLi precipitates cannot be observed in Fig. 2 (e) and (f). This is because the AlLi precipitates are too small to be clearly observed by SEM observation. Therefore, all these precipitates within the T5-523 K and T5-443 K specimens will be further illustrated using TEM analysis in the next paragraph. Figure 4 (a)-(b) show the TEM analysis of the T5-523 K-10.8 ks Mg-8Al-2Li specimen. In Fig. 4(a) , many particletype precipitates with sizes of 0.5-1.5 mm can be clearly observed within the crystal. Figure 4(b) shows the selected area diffraction pattern (SADP) of these precipitates, as indicated in Fig. 4(a) . These particle-type precipitates are identified to be the -Mg 17 Al 12 phase, which has a BCC structure with a lattice parameter of 10.6 nm. Figure 5(a)-(d) show the TEM analysis of the T5-443 K-172.8 ks Mg-8Al-2Li specimen. Two different shapes of lamellar-and particletype precipitates are clearly observed in Fig. 5(a) and (c), respectively. Figure 5(b) shows the SADP of lamellar precipitates. The SADP in Fig. 5(b) is similar to that in Fig. 4(b) , indicating the lamellar precipitates are also theMg 17 Al 12 phase. These results are consistent with those examined by SEM and EPMA. As presented in Fig. 1(d)-(e) for the T5-443 K specimens, the diffraction spectra of XRD show the existence of AlLi precipitates. However, these AlLi precipitates are too small to be clearly observed by SEM observation. Therefore, it is necessary to verify the existence of AlLi precipitates within T5-443 K specimens by TEM observation. Figure 5 (c) and (d) show the bright-field image and SADP, respectively, of the particle-type precipitates within the T5-443 K-172.8 ks Mg-8Al-2Li specimen. In Fig. 5(c) , a lot of particle-type precipitates with size <150 nm can be clearly observed within the crystal. The SADP shown in Fig. 5(d) is taken from the particle-type precipitate shown in Fig. 5(c) . By analyzing this SADP, the particle-type precipitates are identified to be AlLi phase, which has a diamond structure with a lattice parameter of 0.64 nm. A previous paper also reported the crystal structure of the AlLi compound had a diamond lattice with a cell edge of a ¼ 0:637 nm.
18) The results in Fig. 5(a)-(d) indicate the T5-443 K Mg-8Al-2Li specimen can have two kinds of precipitates, including the AlLi and -Mg 17 Al 12 phases. Figure 6 shows the specimen hardness versus aging time for the T5-523 K and T5-443 K Mg-8Al-2Li specimens. In Fig. 6 , the phenomenon of precipitation hardening can be clearly observed for both the T5-523 K and T5-443 K T5-443 K Mg-8Al-2Li specimens, respectively. The tensile strength and elongation of the as-extruded specimen are also compared in these figures. Figure 7 (a) and (b) clearly show the aging precipitates can significantly increase the specimen's strength. The T5-523 K and T5-443 K specimens have maximum tensile strengths of 355 MPa and 375 MPa with corresponding aging times of 10.8 ks and 172.8 ks, respectively. These maximum tensile strengths have a 12-18% increment compared with that of the as-extruded specimen. Meanwhile, as shown in Fig. 7(a) and (b) , the T5-treated Mg-8Al-2Li specimens can still exhibit good ductility with $9% elongation for specimens with maximum strengths. These results indicate the T5 treatment can effectively improve the mechanical strength and maintain good ductility of Mg-8Al-2Li alloy. These excellent properties of T5-treated Mg-8Al-2Li alloy will significantly extend its engineering applications.
Conclusions
(1) The microstructure of the as-cast Mg-8Al-2Li alloy mainly comprises the primary crystal and the eutectic structure of þ . The as-extruded specimen displays a smaller grain size of the crystal than the as-cast one. Meanwhile, the rod-type phase within the eutectic structure has been destroyed and changed to the particle-type following extrusion. (2) The extruded Mg-8Al-2Li specimens will produce the -Mg 17 Al 12 precipitate after aging at 523 K. The longer the aging period, the greater the quantity and the bigger the size of the precipitates. The extruded Mg-8Al-2Li specimen will produce both the AlLi and -Mg 17 Al 12 precipitates after aging at 443 K. (3) The -Mg 17 Al 12 precipitates have different shapes of particle-type and lamellar-type for the T5-treated Mg8Al-2Li specimens. The lamellar-type precipitation is ascribed to that the grain boundaries are dominant diffusion paths at a lower aging temperature of 443 K. The particle-type precipitation tends to be favored at a higher aging temperature of 523 K, in which volume diffusion plays an important role. Meanwhile, the highdensity dislocations within the crystal of as-extruded Mg-8Al-2Li can also enhance the solute's diffusion rate and act as heterogeneous nucleation sites for the particle-type precipitation. (4) The T5-treated Mg-8Al-2Li specimens will display an obvious precipitation strengthening, regardless of whether the precipitates are single -Mg 17 Al 12 phase or dual phases of AlLi and Mg 17 Al 12 . The T5-523 K and T5-443 K specimens have maximum tensile strengths of 355 MPa and 375 MPa with corresponding aging times of 10.8 ks and 172.8 ks, respectively. The maximum tensile strengths have a 12-18% increment compared with that of the as-extruded specimen. The T5-treated Mg-8Al-2Li specimens can still exhibit good ductility with $9% elongation for specimens with the maximum strengths. 
